INTRODUCTION
The clear challenge facing the post-genome world is the task of 'functional genomics', interpreted here as understanding how the genes discovered from DNA sequencing function in the living organism. This challenge has already given rise to ingenious innovations focusing on how arrays of genes interact to control each other at the level of transcription (1, 2) or at the protein-protein level (3, 4) . With regard to studies of mammals, however, fewer studies have concentrated on the level of the whole organism. The advantage of investigations on the intact animal is that information obtained about the function of genes in the setting of the whole organism is often unobtainable by other approaches.
Approaches which have provided information on gene function in the mouse include gene targeting and transgenesis of single genes. Although insightful, these approaches suffer from low throughput. Recent technical innovations in large insert transgenesis (5) (6) (7) (8) (9) (10) (11) (12) and in creation of large deletions (13, 14) have increased the number of genes that can be examined at once in a single animal and have increased the potential throughput of performing genotype/phenotype analysis in the mouse. The work described here concentrates on the approach in which large segments of DNA are added to the genome of the host organism.
To examine genotype/phenotype in a candidate region of the genome, panels of mice containing large inserts from this region are created (15, 16) . These panels of transgenic mice containing large pieces of DNA from the human genome are referred to as in vivo libraries (15) (Fig. 1) . Libraries, of all or part of an organism's genome, have been very important in the history of molecular biology. Traditionally, they have been propagated in prokaryotes, lower eukaryotes (yeast) or occasionally in somatic eukaryotic cells. In the approach described here, a targeted segment of the human genome is propagated in a eukaryotic metazoan host, the mouse. The advantage of this approach is that unique information is obtained about the function of genes in the library in the context of a higher eukaryote, the mouse, outweighing many of the disadvantages inherent in studies of this low throughput organism. A detailed discussion of other approaches is given in Kola and Hertzog in this issue (17) .
AN INCREASED DOSE OF 21q22.2 GIVES DEFINED PHENOTYPES
As an initial foray into the use of in vivo libraries, we have concentrated on a 2 Mb region on the long arm of human chromosome 21 at 21q22.2. There is evidence, albeit controversial, that an extra copy of this segment of chromosome 21 is sufficient to cause many of the phenotypic features of Down syndrome (18) . In addition, mouse models of Down syndrome have been created using classical genetics (19, 20) . One of the models consists of animals with an extra dose of the region of mouse chromosome 16 syntenic with human chromosome 21 (20) . These animals display a number of phenotypes, including deficits in learning and memory. Hence, 21q22.2 was a particularly attractive region of the genome, because the *To whom correspondence should be addressed. Tel: +1 510 486 5468; Fax: +1 510 486 6746; Email: des@ux5.lbl.gov phenotypes displayed by Down syndrome individuals and the mouse models provided a good prototype for the kinds of phenotypes to be expected from the in vivo library. Furthermore, since Down syndrome is associated with a sizable constellation of phenotypes, which are most likely due in different measure to distinct genes, the syndrome can properly be regarded as a complex trait.
An in vivo library of this 2 Mb region of the human genome was created using four YACs spanning the region of interest (15) (Figs. 1,2) . The library spans 4% of human chromosome 21. The integrity of the YAC transgenes in the mouse genome was established by inter-alu PCR fingerprinting (15) . The copy number of the YAC transgenes was assessed, and their integrity further confirmed, by FISH (16) . This analysis showed that the copy number of the YAC transgenes ranged from 1 to 3 copies per mouse genome, and suggested that there was low level overexpression of the genes present on the YACs. Furthermore, RT-PCR analysis of at least one transcription unit on each one of the YACs suggested that the human genes were correctly transcribed in the foreign environment of the mouse genome (15) . For each YAC, two or more independent lines of animals containing the full length transgene were created, in order to be certain that any phenotypes observed in members of the library were replicated by the two independent lines. In this way, it could be verified that any phenotypes observed were most likely due to the extra copy of genetic information provided by the transgene, and not simply due to insertion effects of the transgene inserting into an endogenous mouse gene.
BEHAVIORAL ANALYSIS OF THE IN VIVO LIBRARY
Because the spectrum of genes involved in learning and memory are still largely unknown, and the deficits in these processes are amongst the most important practical consequences of Down syndrome, the learning and memory of the 21q22.2 in vivo library was investigated (16) . The Morris water maze, which has become a widely accepted test of learning and memory for small rodents, was employed. In comparison with non-transgenic controls, the most severe deficits on this test were shown by animals containing YAC 152F7, while milder deficits were shown by animals containing YAC 230E8 (Fig. 3) . No deficits were shown by animals containing the other two YACs, compared with the control animals.
NEUROANATOMICAL AND NEUROPHYSIOLOGICAL ANALYSIS OF THE IN VIVO LIBRARY
Hippocampal long-term potentiation has been proposed as an in vitro electrophysiological correlate of learning and memory. Based on this, we investigated hippocampal long-term potentiation in the brains of mice belonging to the in vivo library. No abnormalities were shown by any of the groups of animals, suggesting that if an electrophysiological defect does exist, it may reside in a region of the brain other than the hippocampus. The lack of electrophysiological defects observed in any members of the library prompted an analysis of the neuroanatomic pathology of the library. Interestingly, this revealed that animals containing YAC 230E8, which displayed the mild defects in learning and memory, showed a significantly increased density of neurons in the cerebral cortex. This abnormal density of neurons may explain the learning and memory deficits of these animals. Both learning deficits (21, 22) and cognitive abnormalities (23) have been linked with increased neuronal density. The increased density may cause these defects by interfering with neuronal signalling. However, since Down syndrome may be regarded as a complex trait, the ultimate phenotypes of the syndrome could represent the epistatic and synergistic effects of many genes interacting together. Investigating the effects on cortical neuronal density of combinations of different YACs from 21q22.2 in the same mice may therefore be illuminating.
LOCALIZING A GENE INVOLVED IN LEARNING AND MEMORY
To localize the gene responsible for the learning and memory deficits of mice containing YAC 152F7, advantage was taken of the observation that fragmentation of the lengthy YAC DNA occurs during handling for microinjection. This leads to a panel of animals that contains random fragments of the YAC, in addition to animals containing the full length unrearranged YAC (Fig. 1) . The animals containing random YAC fragments provide a valuable resource for ultra-fine structure mapping of genetic traits, since the number of break points obtainable as a result of the fragmentation are far more numerous than one can practicably obtain using classical meiotic genetic mapping. Of the animals containing random fragments of YAC 152F7, animals containing a 180 kb telomeric fragment of the YAC showed learning and memory deficits that were indistinguishable from animals containing the full length YAC, whereas animals containing a complementary 390 kb centromeric fragment showed normal learning and memory. The fragmented YAC studies had thus reduced the interval containing the sequence(s) contributing to the learning defects from 570 to 180 kb.
DYRK IS RESPONSIBLE FOR THE LEARNING AND MEMORY DEFICITS
The only gene that appears to be present in the 180 kb telomeric region (24) is DYRK (16, (25) (26) (27) (28) (29) (30) (31) (32) . Expression studies confirmed that this gene was overexpressed as a result of the transgenesis with both the full length YAC 152F7 and the telomeric fragment, and that the level of overexpression was consistent with the copy number of the transgenes.
The DYRK gene is >100 kb and is the human homolog of the Drosophila gene minibrain (32) . Hypomorphic alleles of minibrain in the fruitfly give rise to defects in learning and memory, together with decreased brain weight and decreased numbers of neurons. The gene is a dual specificity tyrosine/serine-threonine protein kinase related to genes involved in cell cycle control (27) . minibrain is expressed in developing neuroblasts in Drosophila (32) , and is expressed ubiquitously in mice, but most strongly in the brain, especially in the cerebral cortex, cerebellum, hippocampus and the olfactory lobes (26, 30, 31) . Thus, the work described here, together with the Drosophila work, suggests that correct dosage of the minibrain gene is crucial for normal development of the nervous system.
CONCLUSIONS
By using an in vivo library of large insert transgenic animals containing DNA from human chromosome 21q22.2, together with a functional assay, we have demonstrated that it is possible to sift through a large genomic region and identify distinct sequences affecting learning. Our findings that two different YAC transgenes cause distinct learning defects are consistent with studies in humans suggesting that several different loci may contribute to the learning deficits resulting from an extra chromosome 21 (33) . In addition, the analysis of the in vivo library enabled the identification of a human gene (DYRK) from 21q22.2 causing learning defects in mice, the homolog of which (minibrain) had previously been shown to be involved in learning and memory in Drosophila. Together, these observations suggest that the human gene may contribute to the learning deficits of Down syndrome. Other demonstrations of the utility of in vivo libraries include the biological annotation of genomic sequence data (34) , and the fine mapping of the mouse neurological mutation vibrator by in vivo complementation, leading to the successful identification of the gene (35) .
As the sequencing of the human genome begins in earnest, it is clear that the task that will confront us is to understand how networks of genes contribute to development and physiology in health and disease. This is exemplified by the contemporary interest in complex trait analysis, both for its basic theoretical interest and practical ramifications (36, 37) . However, the identification of genes involved in human complex traits has been difficult because of genetic heterogeneity and because many genes, each individually with low impact, can conspire together with environment to give rise to the eventual phenotype of interest. The use of in vivo libraries of large insert transgenic mice offers an approach to examine a large region of genomic DNA that may be defined by complex trait analysis. Since the transgenic animals harbor many genes it is possible to investigate the effects of many genes upon one biological phenotype at once, and the approach can hence be effectively regarded as a method to perform multiplex analysis of the relationship between genotype and phenotype. Analysis of the phenotypes displayed by library members, based upon functional data, could be used to define candidate genes for further analysis in human populations enabling association rather than linkage studies (38) to be employed in the identification of genes contributing to complex traits.
